The structures of a Fab fragment of a monoclonal murine antidigoxin antibody (26-10) complexed with digoxin and of a mutant of the Fab itself have been solved by molecular replacement. The solution strategy employed a generalization of molecular replacement. Prior to translation searches, a large number of the highest rotation-function peaks were subjected to a rigid-body refinement against the linear correlation coefficient between intensities of observed and calculated structure factors in which first the overall orientation of the model and then the orientations and translations of the individual domains (VH, VL, CH1 and CL) were refined. This procedure clearly identified the correct orientation of the search model. Furthermore, it produced a significant and unambiguous solution for the translation search. After rigid-body refinement, the R factor was in the low forties at 8-2.5 and 8-2.7 A resolution for the Fab mutant and the Fab/digoxin complex, respectively. One round of simulated annealing refinement of all atomic positions reduced the R factor to the low twenties in both cases.
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Introduction*
Molecular replacement, which is sometimes also referred to as Patterson search, involves the placement * Abbreviations: CDR, complementarity determining region; CPU, central processing unit; Fab, antigen binding fragment of an antibody; PC, standard linear correlation coefficient between IEobsl 2 and IEmodell2; r.m.s., root-mean-square; SA, simulated annealing; tr, standard deviation.
(i.e. rotation and translation) of the known structure of a search model in the unit cell of the target crystal in order to obtain the best agreement between calculated model diffraction data and the observed diffraction data (Hoppe, 1957; Rossmann & Blow, 1962; Huber, 1965) . Unfortunately, molecular replacement often fails if the search model is too inaccurate. It does not require large structural changes to make the search model too inaccurate for molecular replacement. A case in point has been reported by Briinger, Campbell, Clore, Gronenborn, Karplus, Petsko & Teeter (1987) where molecular replacement had failed with a r.m.s, difference in backbone positions between the search model and the crystal structure of around 1.4 A; variation of the parameters of the molecular replacement (number of reflections, resolution range, temperature factors and occupancy of atoms of the search model) made little difference.
Recently, we have generalized molecular replacement by introducing additional parameters p in order to make the search model more accurate (Briinger, 1990a) . First, a conventional rotation search is carried out. The highest peaks of the rotation search are selected. Here we make the ad hoc assumption that the correct orientation is among the highest peaks of the rotation function. Then the rotation search is 'filtered' by employing refinements of the parameters p against the negative correlation coefficient PC for each selected orientation of the search model. Refinement is carded out against the negative correlation coefficient since minimization algorithms normally locate minima as opposed to maxima; a minimum of -PC corresponds to a maximum of PC 0108-7673/91/030195-10503.00
(~) 1991 International Union of Crystallography which is what one is really aiming at. Examples of parameters p are the orientation and position of groups of atoms represented as rigid bodies, atomic coordinates, temperature factors or occupancies. The refinement against -PC may be combined with an empirical energy function in order to improve the ratio of observables to parameters as is routinely done in R-factor refinement (Jack & Levitt, 1978; Hendrickson, 1985; Briinger, Kuriyan & Karplus, 1987 ). However, the major difference to R-factor refinement is that PC refinement is carried out in PI, that is, without crystallographic symmetry. Crystallographic symmetry cannot be applied since the molecule has not yet been positioned correctly in the unit cell.
Minimizing the negative correlation coefficient -PC is equivalent to minimizing the phase error (Hauptman, 1982) . The final step of our strategy consists of translation searches using the refined search models that yield the highest correlation coefficients after PC refinement.
Here we report the successful application of our generalized molecular replacement strategy to the solution of the complex of the antigen-binding fragment (Fab) of a monoclonal murine anti-digoxin antibody (26-10) with digoxin and of a mutant of the Fab itself (Mudgett-Hunter, Margolies, Ju & Haber, 1982) , both of which crystallized isomorphously in space group P21 with two molecules in the asymmetric unit. This paper contains the thorough description of the structure-solution process. Details of data collection, structure refinement and analysis of the refined structure are published elsewhere (Strong, 1990; Strong and co-workers, in preparation) . It should be noted that two other Fab fragments have recently been solved by our generalized molecular replacement method (Briinger, Leahy, Hynes & Fox, 1991; Garcia, Ronco, Verroust & Amzel, 1989; Garcia and co-workers, work in progress) . In both cases the Fab fragments crystallized in high-symmetry space groups (P6522 and P4~) which shows that our methodology is not restricted to low-symmetry space groups. The method can easily be applied to the solution of multidomain proteins other than Fabs, whose domains have flexible orientations relative to one another.
The strategy to solve the Fab 26-10 consisted of a self-rotation function to determine the existence of a non-crystallographic symmetry element relating the two molecules in the asymmetric unit, a cross-rotation function with the known structure of a homologous Fab to generate a large number of likely orientations of the two molecules, PC refinement to filter the correct orientations among those produced by the cross-rotation function, translation searches of the correctly oriented molecules and, finally, rigid-body refinement of the correctly placed molecules. Table 1 lists relevant properties of the four data sets that were used in this report. Data set 3r9 is the native data from a mutant of the Fab 26-10 which has six substitutions in the heavy-chain variable region and exhibits altered binding affinity for hapten (Hudson, Mudgett-Hunter, Panka & Margolies, 1985) . This data set is the merged product from two crystals a, b, where the a crystal accounts for more than 70% of the unique data. Data set adig is the native data from a single crystal of the Fab 26-10/digoxin complex. Data were collected on area detectors; details are published elsewhere (Strong, 1990) . Rsy m for the 3r9 and adig data sets is 4.5 and 3.2%, respectively. All crystals exhibit space-group symmetry P2t unique axis b, with two molecules in the asymmetric unit. Both data sets were twinned. A de-twinning procedure was employed to reduce the residual amplitudes from the weaker one of the twins. Details of the de-twinning procedure will be published elsewhere (Strong, in preparation). 3r9a-det is the de-twinned data set derived from the a crystal portion of data set 3r9. adig-det is the de-twinned data set derived from data set adig. Throughout this work reflections with [Fobs] > l'5trobs were used.
Materials and methods

Diffraction data
Search model
The search model for molecular replacement was the Fab portion of the HyHEL-5 Fab/lysozyme complex (Sheriff et al., 1987) . In the numbering scheme of HyHEL-5, the four domains of the heavy and light chain of the variable and constant domains are defined as V L = 1-106; CL = 107-212; VH = 1001-1116; CH1=1117-1218. The elbow angle is defined as the angle between the pseudo twofold axes of symmetry of the VL-V, and CL-CH1 domain pairs. The elbow angle for HyHEL-5 is 161.1 °. The sequence identity between the Fabs 26-10 and HyHEL-5 is 43% for VL, 61% for VH, 100% for CH1 and 100% for CL.
The temperature factors of the search model were set to twice the values of the original HyHEL-5 structure. This was done in order to amplify the effect of the B factors, i.e. less well determined regions contribute less to the Patterson map than with the original B factors. All atoms were included in the search model. After molecular replacement and rigid-body refinement, residues of the HyHEL-5 VL and VH domains were substituted to account for the sequence of the Fab 26-10. Nine residues near or at the complementarity determining region 1 (CDR1) and 12 residues near or at CDR3 were excluded during the subsequent refinement.
Computational techniques
All calculations (molecular replacement, PC refinement and rigid-body refinement) were carded out with version 2.1 of the program X-PLOR (Briinger, 1990b) . The new version of X-PLOR is available upon request from the author. All calculations were carded out on a Convex-C220 and on a Cray-YMP.
Results
Self-rotation search
Density-gradient measurements indicated the presence of two molecules in the asymmetric unit. A self-rotation search was performed to locate a possible non-crystallographic symmetry operation relating the two molecules in the asymmetric unit. A real-space Patterson-search method (Huber, 1985) was employed. The crystal Patterson map was calculated on a 1.1 ~ grid using the observed reflections from 15 to 4 A resolution. The 4000 strongest Patterson vectors with lengths between 24 and 5 ~ resolution were selected. The selected Patterson vectors ( Pmode0 were rotated using the spherical polar angles (~, ~o, K) and the product correlation
where the crystal Patterson map (Pobs) was computed by linear eight-point interpolation (Nordman, 1980) . is the inclination of the rotation axis vs the y axis, ~0 is the azimuthal angle, that is, the angle between the x axis and the projection of the rotation axis into the x, z plane, K is the rotation around the rotation axis. The self-rotation search was carded out by varying ¢ and ~o in steps of 2 ° in the angular range ~ = 0 to 180 ° and ~0 = 0 to 180 ° while K was held fixed at 180 °. A contour plot of the self-rotation search for data set 3r9a-det is shown in Fig. 1 . Apart from the crystallographic diad at ¢ = 0 °, a strong non-crystallographic symmetry element emerges at ¢ = 90, ¢ = 0 ° and at the symmetry-related position (¢ =90, ¢ = 90°). The self-rotation functions of the other three data sets are very similar to Fig. 1 . Thus, the Fab 26-10 data sets exhibit pseudo-orthorhombic symmetry.
Cross-rotation search
The real-space Patterson search method of Huber (1985) was employed for rotation searches with the HyHEL-5 search model against each of the four data sets listed in Table 1 The mean of the self-rotation function is 1-34 and tr is 0"51. The maximum (3.8) is assumed at the crystallographic diad (marked y), whereas the peak height for the non-crystallographic symmetry elements (marked x, z) is 3.3. The lowest contour is drawn at ltr above the mean and the highest contour level is drawn at the maximum of the self-rotation function.
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SOLUTION OF A Fab (26-10)/DIGOXIN COMPLEX interpolation (Nordman, 1980) . The orientations of the search models were sampled by using the pseudoorthogonal Eulerian angles introduced by Lattman (1972) :
02.
To ensure proper sampling of the rotation function, the sampling interval A for 02 should be less than arcsin [d/(3r) ] where d is the high-resolution limit of the Patterson maps and r is the maximum Patterson vector length of the search model. The interval A was set to 2.5 ° which is a rather conservative choice considering the selected maximum Patterson vector length of 24 ,A,. Following Lattman (1972) the interval for 0+ is given by A/cos (02/2) and the interval for 0_ is given by A/sin (02/2). As the crystal symmetry is monoclinic P2t, b axis unique, the rotation search could be restricted to the asymmetric unit 0+ = 0,...,720 ° , 02=0,...,90 ° , 0_ =0,...,360 ° as shown by Rao, Jih & Hartsuck (1980) . All grid points of the rotation function were sorted with respect to their rotation-function value and the peak search described by Bringer (1990a) where ns is the number of symmetry operators of the space group of the crystal and ¢7, is the rotational part of the symmetry operator s. The metric m is related to the rotation angle K around some axis that transforms matrix /21 into /22 or one of its crystal symmetry mates by the relationship
This metric allows one to define clusters of grid points and a peak belonging to each cluster of grid points. Going down the list of grid points sorted by the value of the rotation function, a grid point is defined as a peak if its corresponding orientation D 1 yields m(/21,/22) > e for all previously defined peaks with orientations/22, otherwise it belongs to the cluster of grid points around the peak with m(/2 I,/22)<_e. e has to be chosen such that it is less than twice the radius of convergence of the subsequent PC refinement. In this work e has been set to 0.4, that is, two rotation matrices with m(/2 ~, 122) < e have to be related by a rotation around some axis of less than 16 ° . Because of the relatively large radius of convergence of PC refinement (10 to 13 °, see Bringer, 1990a) , this was a rather conservative choice. We have extended the X-PLOR program (Briinger, 1990b) to compute the rotation function and carry out the peak search. This simplified the data transfer from the rotation-function routine to the subsequent PC refinement. However, in principle, any other conventional rotation function (e.g. Fitzgerald, 1988) could have been used to generate the orientations of the search model to be checked by subsequent PC refinement. 15 000 grid points corresponding to the highest rotation-function values were analyzed by the peak search for each of the four data sets listed in Table  1 . This resulted in 145 peaks for data set 3r9a-det, 103 peaks for data set 3r9, 195 peaks for data set adig-det and 202 peaks for data set adig (Figs. 2a,  3a, 4a, 5a ). Many peaks of the rotation functions emerge as pairs related by the non-crystallographic symmetry. For instance, in the case of data set 3r9a-det, peak 1 is related to peak 2 and peak 3 is related to peak 10 by the non-crystallographic twofold symmetry ( Table 2 ). Note that the non-crystallographic twofold axis is simply represented as 02+ 180 ° in Eulerian angle space. Peaks 1 to 3 are not even close to the correct orientation (Table 4) . Thus, the appearance of a pair of peaks is a necessary but not a sufficient criterion to discriminate among correct and incorrect orientations. Table 3 lists the orientations which correspond to the highest peaks of various rotation functions. In addition to rotation functions using the four data sets and the full atomic model we have also computed a rotation function using a partial model consisting only of the constant domains as was proposed by Cygler & Anderson (1988) . The five orientations are quite different from each other. In retrospect, none of the highest peaks are close to the correct orientations shown in Table 4 , except for data set 3r9 using the full model in which case the highest peak is about 10 ° off the correct orientation for molecule A. However, even in this case a subsequent translation search fails (see Concluding remarks). Rotation searches with MERLOT (Fitzgerald, 1988) were also inconclusive (Strong, 1990). 
Patterson refinement
In order to determine the correct orientations of the two molecules in the asymmetric unit among the most likely peaks predicted by the cross-rotation function we carded out PC refinement as described by Briinger (1990a) of the orientations and positions of the four Fab domains VH, VL, CH1, CL. Briefly, this consists of minimization of a target function
Etot (12,12 , , t, ) = l -aC (12,12 , , t, ) ,
were 12 is the overall orientation of the search model, 12; and t~ are the individual orientations and translations of the four Fab domains, respectively. PC is the standard linear correlation coefficient, PC(12. 12,. t,)= [(IEobs121E, .(12. 12. t,)l 2 -<lEobY><lEm(12, 12,, t,)12))]
x [<IEo Z-<IEo Y>2>
x <l ,m (12, 12, , t, f2, , t, ) 2)2)]-1/2.
The symbols () denote an averaging over the set of observed reflections expanded to PI. Eobs denote the normalized observed structure factors and Era (12, 12, 6 ) denote the normalized structure factors of the search model placed in a triclinic unit cell identical in geometry to that of the crystal. PC refinements of the HyHEL-5 search model were carded out with the search model oriented according to each of the selected peaks of the rotation functions for the four data sets. It should be noted that a large number of the PC refinements are actually carded out for incorrect orientations of the search model; only the PC refinements starting close to the correct orientation are expected to yield a relatively large correlation coefficient after PC refinement. The PC refinements consisted of 15 steps conjugate gradient minimization of Etot using the method of Powell (1977) for the overall orientation 12 of the molecule, followed by 100 conjugate gradient steps for the orientational and translational parameters (12i, ti) of the Fab domains VH, VL, CH1, CL. PC refinements were carried out at 15-4.~ resolution (Figs. 2c, 3c , 4c, 5c) and 15-3.5/~ resolution (Figs. 2b, 3b, 4b, 5b) . The grid size for the fast Fourier transformation of the structure factors was set to one third of the highresolution limit.
Data set 3r9a-det and data set adig produced the most significant peaks, labelled A and B (Figs.  2b, c, 5b) . The two corresponding orientations are listed in Table 4 ; they are related by the non-crystallographic twofold symmetry. Less-significant peaks corresponding to orientations close to those of peaks A and B were produced by the other data sets (Figs. 3,  4 , 5). It should be noted that some peaks converged to the same orientation after PC refinement which explains why multiple A and B peaks were observed in Figs which could in principle make an automatic analysis possible. The search model oriented according to peaks A and B is referred to as molecule A and B, respectively. The orientational and positional shifts for molecule A during PC refinement at 15-3.5/~ resolution (Fig.  2b) are listed in Table 5 . During PC refinement of the overall orientation and position of molecule A, the orientation is changed by 25 ° around some axis. The large translational shift is due to numerical instabilities since the target function (5) PC refinement is computationally expensive but is well within the limits of presently available supercomputing power. For instance, the 202 PC refinements for data set adig at 15-3.5/~ resolution required about 10 CPU h on a Cray-YMP which corresponds to roughly 60 CPU h on a Convex-C210. V H + V L + C H 1 + CL --7" 1 --24" 1 13"9 --3" 7 --1 "24 --0" 11 11 "62 V L 5"83 1"26 4"97 -1"28 -0"96 0"30 2"30 CL --13"00 -4"99 --3" 19 -0"82 0"76 0"53 2" 54 V H 3"38 2"09 9"03 -0"42 -0"62 -0"90 2"36 CHI --13"08 --6"45 -2"79 1"09 -2"15 -1"13 4"22
RF Peak Index
Listed are the Eulerian angles, the vectors and the corresponding atomic r.m.s, differences that represent the rotation and translations produced by rigid-body PC refinement of the search model at 15-3.5 A resolution for data set 3r9a-det. The first row shows the result of PC refinement consisting of 15 conjugate gradients steps with the overall orientation of the search model (VH+VL+CHI +C L) (note: the translational shift is due to numerical inaccuracies since the target function (6) is independent of the overall position of the molecule). Rows two to five show the shifts during 100 conjugate gradient steps with the rotational and translational degrees of freedom of the individual four domains VH, VL, CH1, CL. The r.m.s, differences were computed for C = atoms of the specified domains.
Translation search
After the correct orientation of the two molecules A and B had been determined, their positions were determined by translation searches. Translation searches using the method of Fujinaga & Read (1987) were carded out with the properly oriented and PCrefined HyHEL-5 search model. Briefly, the standard linear correlation coefficient between the normalized observed structure factors (Eob~) and the normalized calculated structure factors (Eca~c) for the model at position x, y, z was computed,
where the symbols () denote an averaging over the set of observed reflections. Equation (7) is identical to (6) except E,, is replaced by Eca~c(xyz), where the latter denotes the normalized calculated structure factors of the search model and all of its symmetry mates.
Data were included between 15 and 3.5/~ resolution. The sampling interval in x, y and z was set to 1/3 of the high-resolution limit.
The translation-search strategy was as follows. First, the x, z position of the PC-refined molecules A and B (Table 4) were determined independently. The symmetry of the space group P2~ with the b axis unique implies that the y component of the geometric center of the search model is arbitrary when searching with a single copy of the molecule. Figs. 6(a), (b) show the translation seraches starting with the properly oriented and PC-refined search model against the 3r9a-det data. Significant peaks emerge for both molecules A and B. For molecule A, the A peak is at Xmax 0"129 and A = Zm~x = 0"043 in fractional coordinates, it is 9.80-above the mean and 6.90. above the next-highest peak. For molecule B, the peak at produced an unambiguous and significant peak at y = 0-39 (shown in Fig. 6c ). The peak has a height of about 90-above the mean.
Rigid-body refinement
The final step of our structure-solution process consisted of rigid-body refinement of the properly oriented and positioned molecules in the unit cell of the crystal. Rigid-body refinement of the positions and orientations of the eight domains of molecules A and B were carried out by running 70 steps of conjugate gradient minimization at 8-3.5/~ resolution followed by 70 steps at 8-2.5 and 8-2.7/~, resolution for the 3r9, 3r9a-det and adig, adig-det data sets, respectively. Shifts produced by rigid-body refinement were less than 1 ° for angular parameters and less than 0.2 ,~ for translational parameters. The R factors after rigid-body refinement were in the low forties (Table 6 ). The R factor as a function of reciprocal resolution is shown in Fig. 7 for the 3r9a-det data set. The R-factor distribution is relatively uniform with values in the forties even at high resolution. The refined orientations and positions of the two molecules are listed in Table 7 . At this stage of the refinement, the elbow angle for the Fab 26-10 was 171.5 ° compared to 161.1 ° for the HyHEL5 search model. One round of simulated annealing (SA) refinement using the slow-cooling protocol described by Briinger, Krukowski & Erickson (1990) with a partial model (see Materials and methods) reduced the R factor to 21% at 6-2-5 ~ resolution for data set 3r9a-det, and to 17% at 6-2.7,A, resolution for data set adig-det with good stereochemistry. At that point we considered the solution of 26-10 Fab and the 26-10 Fab/digoxin complex as complete. Further refinement of the structure is in progress (Strong, in preparation).
Concluding remarks
In conclusion, we address two questions that emerged during the structure solution process. First, why is the PC refinement of the orientations and positions of the four Fab domains resolution dependent? Second, could one have solved the structure with conventional molecular replacement? PC refinement is subject to the multiple-minimum problem Peaks A and B in Figs. 2(b) ,(c), 5(b) correspond to successful PC refinements with correlation coefficients around 0.14 whereas such high correlation coefficients are not achieved in the other cases which are marked in Figs. 2 to 5. Furthermore, the PC refinement for peak A is successful at 15-3.5 resolution, but not at 15-4 ~ resolution, whereas B is successful at 15-4 A resolution but not at 15-3.5 ,A, resolution (Figs. 2b, c) . This reflects the multipleminimum nature of PC refinement and the limited radius of convergence of conjugate gradient minimization. To illustrate this point, the correlation coefficient PC as a function of the elbow angle is shown in Fig. 8 for various resolution ranges. It appears that the global maximum of PC corresponding to the correct elbow angle (171.5 or 0 ° in Fig. 8 ) is resolution independent. There are, however, a number of local maxima that are resolution dependent. In reality, the situation is more complicatea than shown in Fig. 8 since the PC refinement of the orientations and positions of the four Fab domains involves 24 parameters. This makes it even fnore probable to get trapped in a local maximum of PC. Since the original search model had an elbow angle of-10 ° it is conceivable that the conjugate gradient minimization got trapped in a local maximum at a certain resolution range but converged to the global maximum at a different resolution range. The detwinning has a similar effect to changing the resolution range: it shifts local maxima around whereas the global maximum is conserved (not shown). Efforts are under way to improve convergence behavior of PC refinement by using simulated annealing.
Could the structure have been solved without PC refinement?
As Tables 3 and 4 indicate, the correct orientation of molecule A is relatively close to the orientation corresponding to the highest peak of the conventional rotation function using data set 3r9. This poses the question whether it would have been possible to solve Fig. 9 . Translation search using the orientation corresponding to the highest peak of the conventional rotation function for data set 3r9 (Table 3 ). The highest peak of the translation search is marked by an arrow. (Table 4) for data set 3 r9a-det without prior PC refinement of the orientations and positions of the four Fab domains. The highest peak of the translation search is marked by an arrow.
the structure by conventional methods without PC refinement. It is a customary procedure to test a rotation-function solution by carrying out a translation search. Fig. 9 shows the translation search for molecule A oriented according to the highest peak of the conventional rotation function for data set 3 r9 listed in Table 3 . The translation search is very noisy. The highest peak (indicated by an arrow), which is less than lot above other peaks, is relatively close to the correct position (cf. Fig. 6a ). However, there is a 5/~ difference in position and 11 ° difference in orientation for molecule A. A similar situation arises for molecule B (not shown). The R factor after rigidbody refinement of molecules A, B placed according to these conventional translation/rotation searches is 49% at 8-2.6 .~,. One round of SA refinement reduced the R factor to 31% at 6-2.6A, but the r.m.s. difference between this refined model and the correct structure is still 5/~ for backbone atoms. As a consequence, the refinement would have probably got 'stuck' and one would have abandoned this solution.
Thus, PC refinement of the correctly oriented search model prior to the translation search was essential to obtain the correct position. This was also observed by Yeates & Rini (1990) for a number of other immunoglobulin structures who used a procedure similar to PC refinement prior to translation searches. Another question is whether PC refinement of the individual Fab domains, including the elbow angle, was necessary to solve the structure. Fig. 10 shows the translation search against data set 3r9a-det for molecule A in the correct orientation where only the overall orientation of the molecule was refined by PC refinement. The translation search clearly fails.
Packing considerations can be useful to identify the correct placement of the search model as was shown by Hendrickson & Ward (1976) . The solvent content of the Fab 26-10 is about 60% in the unit cell of the crystal. Thus, packing considerations were of no help in solving the structure.
Considering the limited number of tests with conventional molecular replacement, we cannot exclude the possibility that the structure could have been solved by conventional rotation and translation functions without PC refinement by some particular choice of the parameters of the molecular replacement. But it is clear that it would have been a very difficult case. Thus, PC refinement of the orientations and positions of the Fab domains has made the solution of the Fab 26-10 structure an efficient and nearly straightforward process.
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